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INTRODUCIION

Considerable
research effort has recently been devoted to membrane reactors. The studies involving membrane reactors presented in literature can be divided in two classes; biological systems and systems where the membrane is used to shift the equilibrium of a reversible reaction (Mohand and Govind. 1988). In the present investigation, a new type of membrane reactor is presented in which the reaction takes place inside the catalytically active membrane and, contrary to usual applications, the permselectivity of the membrane is not important. In Fig. 1 The products diffuse out of the membrane to both sides. If the rate of the reaction is fast compared to the diffusion rates of the reactants in the membrane, a small reaction zone will be present in the membrane, ultimately leading to a reaction plane for instantaneous, irreversible reactions. At this reaction zone/plane the molar fractions of both reactants will be very low. The molar fluxes of the reactants are. in absence of a pressure difference over the membrane, determined by their driving forces, their diffusion coefficients and the distance to the reaction zone. If for some reason these molar fluxes are temporary not in stoichiometric ratio, there will be an excess of one of the reactants at the reaction zone which will penetrate deeper into the membrane to react with the other reactant. As a result, the location of the reaction zone shifts toward the side of the reactant with the molar flux below stoichiometry.
As the distance to the reaction zone decreases for the last mentioned reactant its molar flux increases and the molar flux of the other reactant decreases. Finally, the location of the reaction zone/plane will be such that the molar fluxes of the reactants are always in stoichiometric ratio and slip of one of the reactants to the opposing side of the membrane is prevented. The membrane reactor operated as described above can therefore be regarded as a very suitable reactor for processes normally requiring strict stoichiomehic feed rates of reactants.
In this work the Claus reaction (Mark H.F. et.al., 1983) has been selected as a model reaction to study the proposed membrane reactor.
2H2S
+ SO*-f SB + 2H20
The membrane used was made of o-Al203 with a mean porediameter of 350 nm, impregnated with y-Al catalyst for the Claus reaction. The Claus reaction l? 03, the owever, cannot be regarded as irreversible but is actually an equilibrium reaction instead and therefore the influence of reversibility on the reactor performance has to be determined.
Another effect that may have a pronounced effect on the reactor performance is the occurrence of a pressure difference over the membrane. In order to study both the influence of reversibility and a pressure difference, a mathematical model has been developed which describes the transport and reaction in this membrane reactor. In the model, the transport of reactants and products takes place by simultaneous viscous flow and molecular diffusion while the reaction is assumed to be instantaneous and reversible.
MODEL DESCRIPTION
The model developed in the present study is a flux model 2415 H.J.
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reflecting the experimental set up used to study the Claus reaction in the membrane reactor consisted of two well mixed chambers. For simulation of a practical application of the membrane reactor, this flux model has to be incorporated into a reactor model which takes the operation mode (co-or countercurrent) into account. In the mathematical mode1 mass transfer is described into one dimension, the direction perpendicular to the membrane and for steady state conditions. The model has to calculate the IIIOkr fraCtiOnS Of the feaCtantS and prOdUCtS, xA, xg. As reaction (1) is regarded as an instantaneous equilibrium reaction compared to mass transfer, RA is indefinite. Therefore RA is eliminated by means of adding and substracting among the equations (3-7) resulting in four independent equations (g-11):
1 dJ,
In order to solve this set of equations uniquely two additional relations are required. The equilibrium condition is the fifth equation and is assumed to be valid through the entire membrane:
The sum of the molar fractions must be equal to one which is the sixth and final equation:
Before the set of equations (8-13) can be solved, the molar flux of each component has to be specified. In the present study it is assumed that them are two mechanisms of transport, viscous flow and molecular diffusion according to Fick's law. These mechanisms are additive owing to the fact that they are independent. To solve the set of equations @l-18), twelve boundary conditions are required. At the membrane interfaces the equilibrium condition must he fulfilled (see equation (12)). Also the sum of the molar fractions must be equal to one at the interfaces (see equation (13) (16) and is almost the same as the molar flux of inert. In fact equations (19d) that had to be dropped previously are used at this point. The derivative of the molar fraction at the interface of the gas bulk with the gas film in which the mass uansfer resistance in the gas phase is situated, (dx.i/dX)b_i is however still unknown. This variable is determmed by integration of the mass balance of component i in the gas film given in equation (21).
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NUMERICAL
RESULTS:
Two sets of simulations were performed in order to study the influence of reversibility and of a pressure difference over the membrane.
As base case, a simulation at a temperature of 200 Oc in the absence of a pressure difference over the membrane was carried out. Owing to the fact that one of the products of the Claus reaction, elemental sulfur, has a melting point of about 119 OC, a temperature of at least 200 'XZ is required in order to be able to remove this product out of the membrane by diffusion through the gas phase. Parameters used in the simulation of the base case are given in Table 1 , the molar fluxes calculated in Table 2 . Table 1: Parameters used in Fig. 2, 3 In Fig. 2 it can be seen that there is a considerable decrease of the molar fraction of H2.S and SO2 from the bulk of the gas to the membrane interface and therefore mass transfer resistances in the gas phase are significant and cannot be neglected. As the reaction zone is very small in Fig. 2 , the Claus reaction can be considered as almost irreversible at these conditions. From Table 2 it can be calculated that the slip of the reactants to the opposing side is less than 1 % of the molar flux of the reactants into the membrane.
The influence of reversibility was investigated by means of a simulation, carried out at a temperature of 300 Oc also in the absence of a pressure difference over the membrane. Parameters used in this simulation are similar to the base case and are given in Table 1 . The calculated molar fraction profiles arc presented in Fig. 3. stagnant stagnant ,gas tilm, Table 2 . In Fig. 3 it can be seen that at 300 oC a broad reaction zone exists compared to the situation at 200 Oc owing to the fact that the value of the equilibrium constant of the Claus reaction is much lower and therefore reversibility becomes more important. The effect of reversibility is also reflected by the slip of H2S which is 8 % of the HpS molar flux into the membrane as can be calculated from Table 2 , compared to less than 1 % in the simulation at 200 Oc. Comparing the conversion rates of H+, the molar flux of Hz.5 into the membrane minus the slip of H S, at 300 OC and at 200 OC it can be calculated from Tab T e 2 that the conversion rate at 300 cC is only 6.5 % smaller than at 200 W. So despite the fact that reversibility affects the molar fraction profiles and the slip of reactant substantially, the conversion rates of the reactants are hardly influenced. Table 1 . In this figure besides the total molar flux of H2S into the membrane also its different contributions, viscous and diffusive, are given. Fig. 5 shows a minimum for the total molar flux of H2S into the membrane.
The occurrence of this minimum can be understood if the following assymptotic situations are considered. In case of a much higher pressure on the H$3 side, the H2S molar flux is mainly determined by viscous flow resulting in a high transport rate of HpS. As long as the pressure difference is not that high that complete mass transfer limitation of SO2 from the bulk of the gas to the membrane interface occurs, the HzS and SO2 molar fluxes will be in stoichiometric ratio and therefore the transport rate of SO is also high. For the same reason the transport rates of H2 s and SO;? will be high in case of the highest pressure on the SO side and a minimum will exist at a moderate pressure & +f crence over the membrane.
It seems attractive to use a fixed pressure difference over the membrane as the molar fluxes increase substantially. as can be seen in Fig. 5 . resulting in smaller membrane area required. A problem in this case is however the transport of inert gas through the membrane which results in the neccessity of a bleed stream which will be contaminated with one of the reactants. Therefore it is questionable to conclude that a pressure difference over the membrane in order to reduce the membrane area required would be attractive. Although it is possible to transport the elemental sulfur preferentially to one side of the membrane, the pressure difference required is quite high, which may result in large amounts of inetts transported through the membrane with the problem described above. Although the Claus reaction generally cannot be considered irreversible at 276 Oc, the molar fluxes calculated using this assumption do not deviate substantially from the results taking reversibility into account as was shown by the numerical work studying the influence of reversibility. From the calculations it was also shown that very small pressure differences over the membrane that may occur in the experiments (less than 10 mm Hz0 in practice) can be neglected completely. Thercfcrre for the interpretation of this particu1a.r system an instantaneous, irreversible reaction in the absence of a pressure difference over the membrane can be assumed, for which the molar flux of H2S is predicted by equation (25). 
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